We address the question of the origin of the recently discovered chiral property of the charge-10 density-wave phase in 1T -TiSe2 which so far lacks a microscopic understanding. We argue that the 11 lattice degrees of freedom seems to be crucial for this novel phenomenon. We motivate a theoretical 12 model that takes into account one valence and three conduction bands, a strongly screened Coulomb 13 interaction between the electrons, as well as the coupling of the electrons to a transverse optical 14 phonon mode. The Falicov-Kimball model extended in this way possesses a charge-density-wave 15 state at low temperatures, which is accompanied by a periodic lattice distortion. The charge ordering 16 is driven by a lattice deformation and electron-hole pairing (excitonic) instability in combination.
ever, show that the amplitude of the tunneling current (color online) Electron-density pattern for a triangular lattice in case of (a) a nonchiral CDW or (b,c) chiral CDWs. Filled circles picture the value of the charge densities, where equal colors mark equal densities. For the nonchiral CDW shown in (a) the density modulation along the ordering vectors Q1, Q2, and Q3 is equal. Reflection along an ordering vector yields the same density pattern, i.e., mirror symmetry exists. The situation changes for a chiral CDW. A clockwise CDW (red arrow) is illustrated in (b). Now reflexion along Q1 yields the situation depicted in panel (c).
Obviously the pattern (c) describes an anticlockwise CDW: That is, for a chiral CDW mirror symmetry is broken.
by including the lattice degrees of freedom. We find that Since the electronic properties of 1T -TiSe 2 are dom- 
149
To facilitate the notation, we artificially split the conduc- illustrates the situation close to the Fermi level. Then 
where f 
where
Here N denotes the total number of lattice sites.
172
Regarding the isotropy (anisotropy) of the valence 
214
The electronic part of our Hamiltonian, 
This symmetry leads to a degeneracy between chiral and 227 nonchiral CDWs (see below).
228
To proceed, we perform a Hartree-Fock decoupling of the electron-electron interaction terms:
U cc N glected all terms that mix different conduction bands.
234
The resulting decoupled Hamiltonian takes the form
with shifted f -and c-band dispersions:
The EI low-temperature phase is characterized by non-
which cause a correlation gap in the excitation spectrum.
239
The mean local electron density in the EI phase is
where We show this by analyzing the behavior of the elec-
256
tron operators under the unitary transformation U ϕ,α : 
where 
Phonon-phonon interaction

290
Within the harmonic approximation, the Hamiltonian
291
for the (noninteracting) phonons reads
where ω(q) is the bare phonon frequency. A coupling be- ions.
48 As we will see below, such an explicit phonon-296 phonon interaction may stabilize the chiral CDW phase.
297
We expand the phonon-phonon interaction also up to 298 quartic order in the lattice displacement. We obtain
The explicit expressions of B(q 1 , q 2 , q 3 ) and 300 D(q 1 , q 2 , q 3 , q 4 ) are lengthy. We note only the 301 symmetry relations
and point out the constraints
Here b −Qα = 0. We denote the static lattice distortions by
Replacing all phonon operators by their averages, the
320
Hamiltonian H = H e + H e−e + H e−ph + H ph + H ph−ph
321
becomes an effective electronic model,
where α, β, γ = 1, 2, 3. 
We assume for simplicity that the phonon-phonon in- at T c , while phonon 2 and phonon 3 soften at T c − δT . 
αβ e −iφC . We note that each phase 374 θ α is exclusively coupled to φ α . If eter is given by
The relation (41) maximizes the modulus of the gap pa- 
With Eqs. (41) and (43) we can express the ground-state 399 energy per site as
Here, B 2Q = α,βB αβ 2Q and B 
Since only | ∆ Q | 2 enters E kν we may replace ∆ Qα by
in Eq. (47). The choice
guarantees the lower boundary of the energy. In the nu-406 merical calculation we use the equality in Eq. (49).
407
Only the electron-phonon interaction and the phonon- 
418
The chiral CDW can be indicated by 
432
The unknown parameters d ν , ν = A, B, C, D can be cal- 
507
III. NUMERICAL RESULTS
508
A. Model assumptions
509
In view of the quasi-2D crystallographic and electronic 510 structure of 1T -TiSe 2 , and in order to simplify the nu-511 merics, we restrict the following analysis to a strictly 2D 512 setting. Moreover, being close to the Fermi energy, we 513 will approximate the bands parabolically:
with hopping amplitudes t f , t termined by minimizingĒ φ /N using a simplex method.
543
The results for U f c = 2.5 and g 1Q = 0.03 are shown in Coulomb interaction and g 1Q .
553
We find a complex formation scenario for the chi- 
568
The scenario shown in Fig. 6 suggests that coming 
586
To combine our approach with the Landau-Ginzburg treatment we set B α 1Q = 0, D = 0, neglect the terms cos(2(φ α + φ β ) + φ C ), and set φ C = 0. Our model then reproduces the functional dependency of the free energy functional in Refs. 7 and 8. The Landau-Ginzburg parameters can then be expressed as
Figure 8(a) shows an example for this scheme. Note 587 588
that the phases φ α are periodic with π and Fig. 8(a) 
589
shows that φ 2 = −φ 3 , which was obtained analytically in Here, since g 1Q = 0 (and as a result δ Qα = 0), the EI We now analyze the situation when phonons partici-629 pate in the CDW formation. In Fig. 10 the critical tem-
630
peratures for g 1Q = 0.03 and g 1Q = 0.11 can be found.
631
For very small electron-phonon coupling the phase dia- 
